, This paper presents a new theoretical macro model developed for estimation of joint shear strength of RC interior beam column connections. In the model, a compressive strut is considered as failing in bending mode. Hence, the stress block concept based on the beam bending theory may be used to estimate the strut strength. The depth of compressive strut is calculated from the neutral axes in the beams and columns, which are derived from the bending theory considering axial forces in the connected members and the effect of transverse reinforcement bars in the joint panel. Finite element analyses were carried out in order to observe the behavior of the compressive struts. Analysis results showed that the process of the formation and disappearance of the strut is consistent with the adoption of the bending theory in the strut model. The joint shear strengths of specimens in a database collected from past RC beam-column joint experimental studies were calculated by the developed model and compared to the published experimental values. The results show that the model provides a theoretical explanation of joint behavior as well as a much more improved estimation than the methods currently recommended in both the ACI or AIJ codes.
INTRODUCTION
It is important to estimate the strength of beam-column joints under lateral forces due to earthquake loads because the joint shear failure mode often shows poor ductility and energy dissipation capacity. However, a simple and accurate macro model for designing joints is lacking because of the complexity of the actual failure mode. In current codes such as the ACI [1] or the AIJ [2] , strength estimation is mostly based on empirical rather than theoretical relations. While the truss model is considered for the estimation of joint shear force in the New Zealand code [3] , Kurose [4] pointed out that the strut mechanism, rather than the truss mechanism, is more dominant in the joint panel.
There are several studies estimating the joint strength based on the strut model. [4] [5] In those models, strength reduction factors are used to estimate the compressive strength of the strut damaged by the deformations in the opposite direction. Agreeable estimations are obtained when the strength reduction factor is well selected, although it is not easy to determine the factor theoretically.
Shiohara et al. [6] [7] [8] developed a joint shear failure model based on the bending theory for the joint panel. The beam-column joint is divided into four parts and the failure mode is described by a nine degree of freedom system.
With this model, many parameters including the transverse reinforcement in the joint and axial force in the columns can be considered and the strength of the joint can be estimated reasonably well, although the calculation is rather complicated for design practice.
In a previous study, we translated the nine degree of freedom model to the classic strut model to estimate the joint shear strength [9] . The estimation, however, was not accurate enough because strut depths were estimated in a simplified way. In this paper, several specimens in past studies are reproduced by the finite element (FE) analysis and the stress distributions in the joint panel are investigated. The width of the strut is then calculated in a more detailed way based on the results obtained in FE analysis, in which the effects of joint transverse reinforcement, axial forces in the columns and yielding of the main bars in the connected members are considered.
FINITE ELEMENT ANALYSIS OF JOINT SHEAR BEHAVIOR
A series of 4 interior joint specimens in a study by Au et al. [10] are analyzed using finite element (FE) analysis to observe the behavior of the concrete inside the joint panels. Two of the specimens, named herein as E-0.0 and E-0. In the FE analysis, a parabolic curve for compression and an exponential curve for tension are used for the concrete stress-strain relationship as shown in Fig. 1 . The reinforcement bars are modeled by a bilinear curve and the bond-slip behavior was neglected. A constitutive model based on total strain, also called 'Total Strain crack model' is used for the modeling of concrete.
Specimen parameters, maximum loads and load estimations by the ACI and AIJ codes and the element method (FEM) are shown in Table 1 Parameters and calculated story shear of interior joint specimens [10] using FE analysis and building codes transverse reinforcement ratio P w is calculated in the same manner as that for columns. The envelope curves of force-deformation relations scanned from the previous experimental study [10] are shown in Fig. 2 
Strut Depth in FE Analysis
Compressive principal stress distributions reproduced by FE analyses at three stages around the maximum load (pre-peak, peak, post-peak) are shown in Fig. 3 (a) to (d). A compressive strut can be clearly seen in each figure. The strut depth in the specimens with no transverse reinforcement in the joints is almost constant along the diagonal in the early pre-peak stages. In a contrast, the depth is higher at the center of the joints containing transverse reinforcement. Maximum stress at the center of the joints is seen at the maximum input load V max in all specimens. After the maximum load (in the early post-peak), the stress at the center of the joint panel decreases and the strut starts swelling.
This swelling of the strut makes it difficult to estimate the post-peak strength of the joint by the strut model. However, in the beginning of the swelling, the total force in the strut does not actually change significantly. This is appar-
Fig . 2 Envelope curve of load-deformation relation obtained in a experimental study [10] and FEM reproduction 71% of V max , pre-peak 71% of V max , pre-peak 70% of V max , pre-peak 
Fig . 3 Reproduction of principal stresses along the diagonal of the joints in FE analysis of a previous study [10] .
ently due to the crushing of the concrete when the strut starts swelling and the consequent decrease in stress at the center of the joint. show the post peak state. After the maximum load, two peaks appear in the stress distribution which start to move apart from the center. This phenomenon corresponds to the model by Shiohara et al. [6] where the bending compressive failure occurs continuously from the center of the joint to the corners.
Comparing the stress distributions between specimens, the strut depth in specimen E-0.0 (with no transverse reinforcement or axial force in columns)
is smaller than those in specimen H-0.0 or specimen E-0.3, suggesting that the confinement by transverse reinforcements in the joint panel or axial forces in columns increases the strut depth. The effects of the transverse reinforcement in the joint panel and the axial forces in the columns mill be taken into account during the the estimation of strut depth.
NEW MODEL FOR ESTIMATION OF JOINT SHEAR

Modeling Concept
Shiohara [6] developed the nine degree of freedom model to explain the joint shear failure in terms of the bending failure theory. Joint shear failure is assumed to occur when the concrete at the center crushes due to the flexural ultimate state of the four triangular ends of beams and columns. In this study, the compressive areas which appear in Shiohara's model are taken as a couple of struts in the developed model, as shown in Fig. 4(a) . The two struts fail in bending, not in axial compression, when the joint fails. Under this as- sumption, the compressive force of the strut can be calculated based on the stress block concept, which is common for the estimation of ultimate bending strength of beams. The stress distribution at the center of the struts (Fig. 4(b) ) is simplified to a constant distribution with reduced width by coefficient β 1 as depicted in Fig. 4(c) .
The strut width r is calculated considering the force equilibrium at the ends of beams and columns, as described in the following section. However, the forces at the member ends can be estimated only after the force in the strut is given; therefore, an iterative procedure is taken in the developed method.
At the member ends, the concrete does not bear tensile force and is assumed to be elastic in compression. This elastic assumption is not met when the curvatures at the member ends are large. However, moment at the member ends do not increase significantly any more in this case and the strength of the joint may not be not so different from the strength determined by the bending failure of the member ends. Therefore, the elastic assumption is taken in this paper for simplicity, targetting only the evaluation of the joint strength.
However, this method may be extended in the future to clarify the failure mode considering inelasticity at the connected member ends in the iterations to determine the strut width. The depth of the strut r, as shown in Fig. 5 , is calculated using the depth of the neutral axes in the columns x i and the beams y i . The effective depth of the strut D j , which is to be used for calculating the compressive force in the strut, is derived by reducing the depth based on the stress block concept of beam bending as follows:
where factor β 1 is the recommended value by the ACI design code [1] for reducing the height of the stress block, given as follows.
Using the factor β 1 , the concrete compressive stress is assumed to be distributed uniformly with a value of 0.85 f � c as in the ACI code. As a result, compressive strength of the strut in the joint panel C n is estimated according to the effective area A j = β 1 rb j from the following equation.
where b j is effective width based on the AIJ code. 
C c j c = V c l c + P j p and
where T f is the tensile force in the transverse reinforcement and j f is the dis- 
where D c and D b are the depths of the column and beam, respectively, T f is the force in the transverse reinforcement (assumed to be yielding) and P is the axial force in the column.
Now it is possible to solve the four unknown variables, φ b , φ c , V b and V c , by the above four equations from (7) to (10) . When C c and C b are given, the curvatures at the ends of the column and beam φ c and φ b can be calculated using the relations shown in Fig. 5(b) and (c).
Update of the neutral axis depth estimations x i+1 , y i+1
After estimating the curvatures at the member ends, the depths of neutral axes can be calculated by the bending theory considering the transverse reinforcement and axial forces in the column. The (i + 1)th iterated values of neutral axis depths are calculated by the following equations.
If the strain of the main bar exceeds the yield strain, the above equation is replaced by one or both of the following equations
where � yb = f yb /E and � yc = f yc /E are the yield strain of the bars in the beam and column, respectively.
If the updated neutral axis depths obtained are close enough to the values in the previous step, the values of the neutral axis depths are regarded as accurate and the iteration is terminated. Otherwise, the iteration is continued using the updated depths, x i+1 and y i+1 , in Section 3.3. For this paper, the tolerance is set to 5% and the convergence conditions are as follows.
Story shear
Finally, the story shear force V c may be calculated from Equations (7) - (10) using the converged neutral axis depths
where
Equation (17) estimates the shear strength of interior joints based on the new strut model.
ESTIMATION OF SHEAR STRENGTH OF SPECIMENS IN PAST EXPERIMENTAL STUDIES
A specimen database made up of 102 internal beam-column joint specimens showing joint shear failure is compiled from 21 different experimental stud- Table 2 .
Joint shear forces V cal are calculated for the constructed database using the method described in the previous Section. The results are shown in Table   2 as a ratio of the experimental shear force over the calculated shear force V exp /V cal , along with the calculated estimates given by the ACI and AIJ codes. AIJ estimates are calculated by the equation for the allowable shear force in beam-column joints given in Article 15 of the code [2] . ACI estimates are from an equation in Section 21.5.3 of the code [1] . The experimental values are plotted against the calculated story shear forces by the three methods in Fig. 6 . However, for design practice, the model uncertainty togather with the material uncertainty may have to be considered to prevent overestimation.
CONCLUSIONS
Non-linear finite element analyses were performed for RC beam-column joint specimens compiled from past experimental studies, in order to observe the formation and disappearance of compressive struts in the joint panels. A straight strut appears in the early loading stages. After the maximum load, the peak of the stress distribution breaks up into two parts, the strut swells and becomes ambiguous. These behaviors correspond to the nine degree of freedom model by Shiohara et al [6] . The analyses also show that confinement by the transverse reinforcement and axial forces in the columns make the strut wider.
A compressive strut macro model was developed to estimate the joint shear strength by applying the beam bending theory, in which the depth of the strut and the stress distributions in the connected member ends are calculated iteratively. The influence of the joint transverse reinforcement and column axial load were also considered through the estimation of the strut depth.
Using a database of beam-column joint specimens constructed from past experimental studies, the new model was applied to estimate the strengths of the joint specimens for investigation. The results show that the model provides a theoretical explanation of joint behavior as well as a much more improved estimation than the methods currently recommended in both the ACI or AIJ codes.
